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Abstract
Immune regulation is an essential feature of immune responses. The failure of such 
regulation results in allergic reactions and debilitating autoimmune diseases that can be 
fatal. Furthermore, the recent increase in the prevalence of the latter as well as the medi-
cal severity makes this a subject of great medical interest. Autoimmunity results from 
a breakdown in or the failure of the self-tolerance mechanisms. Many genes have been 
identified in which mutations cause the predisposition to autoinflammation and autoim-
munity in human and in animal models. The relatively small number of genes explored to 
date unquestionably shows the challenges of identifying the associated genes in outbred 
populations of humans. One chief contributing gene family to both autoinflammatory and 
autoimmune diseases is the nucleotide-binding and oligomerization domain (NOD)-like 
receptor (NLR) family. Ever since their discovery, NLRs have drawn considerable atten-
tion for their ability to form multiprotein complexes called inflammasomes and also for 
their roles as NLRs, independent of inflammasome complexes. We herein first revisit gen-
eral characteristics of NLRs and inflammasomes. We then couple this knowledge with the 
most recent findings related to autoinflammatory and autoimmune diseases, while high-
lighting some unanswered questions and future perspectives in elucidating NLR roles in 
health and disease.
Keywords: NOD-like receptor signaling, inflammasomes, PAMPs, DAMPs, HAMPs, 
SAMPs, autoinflammation, autoimmunity
1. Inflammasomes and NOD-like receptors (NLRs)
Inflammasomes are nucleotide-binding and oligomerization domain (NOD)-like recep-
tor (NLR) multiprotein complexes that activate the cysteine protease caspase-1 (IL-1 beta- 
converting enzyme) and then lead to the maturation of pro-IL-1β and IL-18. Even though they 
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are the component of the innate immune system, their ability to regulate the adaptive immune 
system have been previously suggested (Figure 1) [1]. The immune system in mammals com-
prises a germline-encoded innate immune system and an acquired adaptive immune system 
that is able to eradicate pathogenic microorganisms with a sophisticated specificity and a 
long-term memory. The innate immune system is a primary role player in shaping host resil-
ience. This system is armed with a broad portfolio of pattern recognition receptors (PRRs) that 
convert microbial and danger recognition into rapid host defenses as well as convey signals to 
prime the adaptive immune responses for a long-lasting protection. Nucleotide-binding and 
oligomerization domain (NOD)-like receptors (NLRs) are a class of evolutionarily conserved 
intracellular PRRs that play an important role in innate immunity and host physiology and 
also most recently in regulating and shaping adaptive immunity as predicted by their preva-
lence in organisms [2]. To date, there are 22 known NLRs in humans, and the single nucleo-
tide polymorphisms (SNPs) in their genes as well as the association of mutations with human 
diseases emphasize their critical role in host defense.
Of the number of genes involved in the development of autoinflammatory and autoimmune 
diseases, some affect the cells of the immune system directly, changing the immunoreactivity 
of their host. These genes are mostly not disease-specific. This type of genes has been identi-
fied in mouse models as well. An excellent example for such a gene family is NLR-encoding 
gene family. NLRs are a special group of cytosolic proteins that play an important role in 
the regulation of host innate immune responses. They are expressed in lymphocytes, mac-
rophages, dendritic cells (DCs) as well as in some non-immune cells such as epithelium [3]. 
In the most general terms, NLRs are classified into four subfamilies based on the structural 
similarities of their proteins: NLRA, acidic domain containing; NLRB, baculoviral inhibitory 
repeat (BIR) domain containing; NLRC, caspase activation and recruitment domain (CARD) 
Figure 1. Activation of the inflammasome and its connections between the innate and adaptive immune system.
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containing; NLRP, pyrin domain (PYD) containing; NLRX, with no strong homology to the 
N-terminal domain of any other NLR subfamily member [4]. After describing the subfamilies 
of NLR family members, based on the N-terminal region domain, we now describe the other 
essential domains. A typical NLR protein is composed of three domains. These domains are 
effector domains in N-terminal (PYRIN, CARD or BIR domains) as just been discussed, a 
central nucleotide-binding domain (NACHT or NOD domain) and a C-terminal leucine-rich 
repeats (LRRs). N-terminal effector domains are responsible for interacting with signaling 
molecules in downstream pathway [5]. The NACHT or NOD domain is responsible for oligo-
merization of protein and LRRs are required for identification of ligand molecules when there 
is a potential ligand. LRR domain, on the other hand, acts as a suppressor of NLR activation 
by preventing activation of the N-terminal domain when no ligand present in the environ-
ment, therefore playing a role in the autoregulation of these proteins [6]. Following ligand 
binding, the auto-regulatory LRR undergoes a conformational change, which then exposes 
the N-terminal domain, therefore, its interaction with downstream signaling adaptor proteins 
or effectors and finally the multiprotein complex formation [7, 8].
NLRC4, NLRP3, NLRP6, NLRP1, NLRP12, NLRP7 and the PYHIN family member AIM2 have 
been shown to form inflammasomes that play a critical role in recognizing pathogen-associated 
molecular patterns (PAMPS) and danger-associated molecular patterns (DAMPs) and most 
recently homeostasis altering molecular processes (HAMPs) triggering the immune response 
[9–11]. Caspase-1 is necessary for the maturation of inflammatory cytokines IL-1β and IL-18 from 
their pro-forms and eventually the induction of a cell death called as pyroptosis [9, 12]. During 
activation, the NLR triggers caspase-1 activation either directly by CARD-CARD interaction or 
indirectly through the adaptor molecule apoptosis-associated speck-like protein containing a 
caspase recruitment domain (ASC). Caspase-1 then cleaves pro-IL-1β and pro-IL-18 leading to 
their activation and secretion [13]. Although NLRs, including NLRC4, NLRP3, NLRP6, NLRP1, 
NLRP12, NLRP7 and the PYHIN family member absent in melanoma 2 (AIM2) are suggested 
to function by forming inflammasomes, other NLRs such as NOD1, NOD2, NLRP10, NLRX1, 
NLRC5 and CIITA do not function through the formation of inflammasomes but act via the 
activation of nuclear factor-kB (NF-kB), interferon (IFN) regulatory factors (IRFs) and mitogen-
activated protein kinases (MAPKs) to induce innate immune responses [3].
As we will further discuss in the next topic, NLRs have the ability to recognize PAMPs and 
DAMPs which makes them remarkable molecules to set the activation threshold in case of an 
infection. Added to these mechanisms of recognition, HAMPs have strikingly, been postu-
lated to have roles in the regulation of inflammasomes. According to the HAMP hypothesis, 
the pyrin domain (PYD) of a NLR protein is kept inert by a molecular pathway wherein the 
small GTPase RAS homologue gene family member A (RHOA) activates serine/threonine pro-
tein kinase N1 (PKN1) and PKN2, resulting in the subsequent phosphorylation of pyrin on 
serine 242 [14]. 14-3-3 proteins are a conserved protein family that play roles in many different 
cellular signaling pathways. They bind pyrin following its phosphorylation, maintaining its 
inactivated state. In the presence of a PAMP, such as Clostridium difficile toxin B (TcdB) pyrin 
is activated; however, this activation does not result in the activation of the immune system, 
because pyrin activation is dependent on the function of the toxin, not its structure. TcdB dis-
rupts the RHOA phosphorylation pathway thereby leads to the removal of the 14-3-3, allowing 
the activation of pyrin (dephosphorylated state). By this mechanism, pyrin can respond to any 
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microbe infection that changes the RHOA, PKN1 and PKN2, as well as 14-3-3 activity. On the 
basis of pyrin’s ability to sense the alterations in phosphorylation balance which is an altered 
homeostasis, pyrin is proposed to function not only as a universal sensor of extensive cellular 
changes, but also as a sensor for a single PAMP or DAMP [9]. This toxin function-based detec-
tion mechanism overrides the structural restrictions of the conventional PAMP recognition 
model. On the other hand, the model of HAMP recognition has some ramifications. A non-
pathogenic agent might also alter the cellular phosphorylation processes which will lead to 
pyrin activation. Defective prenylation causes the inactivation of RHOA and therefore pyrin 
activation. These individuals with deficient protein prenylation develop hyper-IgG syndrome, 
which is considered as an auto-inflammatory disease [15, 16]. Sensing HAMPs through pyrin 
constitutes an example for the ability of NLRP1, NLRP3 and NLRP6 to respond to broad and 
diverse molecular stimuli. Although the most studied of these sensors is NLRP3, the complete 
molecular mechanism of action for NLRP3 activation is largely unknown. One of the most 
recent report demonstrated that NLRP3 is phosphorylated in a similar way to pyrin, suggest-
ing that NLRP3 activation might require the detection of phosphorylation [17]. Furthermore, 
IL-1β plays a role as an effector molecule as well as a HAMP sensor. Inactive forms of IL-1β 
is cleaved by caspase-1 after the inflammasome assembly is complete. However, it should be 
noted that IL-1β can also be cleaved by bacterial proteases. This notable adaptation aids in the 
efficient clearance of the bacteria. However, the mutations that were acquired by the patho-
gens can hinder the maturation of IL-1β via cleavage by bacterial proteases [18], therefore 
they might enhance the invasion by bacteria. The use of IL-1β-inhibiting drugs during infec-
tions, does not let the rise of such mutations. In this case, it is clear that activation of innate 
immune response depends on the detection of protease activity, meaning that the function 
but not the structure is the determinant of the inflammatory responses, another supporting 
evidence for the HAMP model. In contrast to the non-mammalian-derived PAMP detection 
point of view, HAMPs and DAMPs would most likely be generated in the absence of a patho-
gen, hence would increase the risk of inflammatory diseases and may theoretically contribute 
to the pathophysiology of inflammatory diseases. The nutrients, growth factors, oxygen and 
neighboring other cells, surrounding extracellular milieu maintain the homeostasis of cells. 
The alteration in the components of the environment such as pH, oxygen levels, tempera-
ture, concentration of certain molecules disturbs the physiological basal state of cells (i.e. the 
homeostatic balance) [19]. Altered homeostasis triggers a cellular stress response, resulting 
in the release of DAMPs as well as HAMP detection by pyrin. Recognition of stress by tissue 
macrophages activates signaling pathways, including inflammasomes, inducing an inflam-
matory response to recover tissue functionality during homeostatic imbalance. The inflam-
mation dependent on the tissue-resident macrophages that induces an adaptive response is 
termed “para-inflammation” [20]. It has been proposed that the para-inflammation is of great 
importance to the chronic inflammatory responses that are associated with modern human 
diseases, like autoinflammatory and autoimmune diseases as well as the acute inflammatory 
responses that will damage the tissue [21]. Although the development of inflammatory dis-
eases resulting from HAMP detection as a pathogen recognition system require more exper-
imental data, ER stress-induced NLRP3 inflammasome activation in chronic liver diseases 
has been reported [22]. The new discoveries of inflammasome associations with inflamma-
tory diseases remain to be of great interest, however; despite the incremental data, negative 
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 regulation of inflammasome activation is still poorly understood. As the controlled inflam-
mation is crucial to health, the mechanisms of inflammasome inactivation was evaluated and 
reported that NLRP3 inflammasome activation was dampened by protein kinase A (PKA), 
which phosphorylated NLRP3 and hindered its ATPase function. PKA phosphorylation was 




) signaling upon binding the PGE
2
 receptor E-prostanoid 
4 (EP4) [17]. In the negative regulation of NLRP3, Ser295 in human NLRP3 was found to be 
significant for immediate inhibition and PKA phosphorylation. The NLRP3-S295A mutation 
displayed a phenotype similar to the human cryopyrin-associated periodic syndrome (CAPS, 
an autoinflammatory disease) mutants. These data suggest that negative regulation at Ser295 
is essential and important for restricting the NLRP3 inflammasome and define a molecular 
basis for NLRP3 mutations associated with CAPS [17]. Mutations and variations of NLR pro-
teins are found to be significantly associated with autoinflammatory and autoimmune dis-
eases (Figure 2). Another inflammasome is absent in melanoma 2 (hereafter AIM2). AIM2 
recognizes dsDNA in a way that does not require a specific sequence. However, to be able to 
recognize the dsDNA, its length should be at least 80 base pairs [23]. Following DNA binding, 
AIM2 forms an inflammasome complex with ASC adaptor molecule and caspase-1, resulting 
in the maturation of pro-IL-1β and pro-IL-18. Uncontrolled recognition of self dsDNA con-
tributes to the development of autoinflammatory and autoimmune diseases such as psoriasis 
and dermatitis [24]. Importantly, polymorphisms or changes in expression of AIM2 have been 
associated with systemic lupus erythematosus (SLE) in humans [25]. In mice prone to lupus, 
inefficient degradation of self-DNA immune complexes in the lysosome let DNA enter the 
cytoplasm, which then activates the AIM2 inflammasome in macrophages [26, 27]. Vascular 
damage is one symptoms of SLE, and expression of AIM2 and IL-18 have been reported to 
increase in endothelial cells from patients with SLE as well as in a mouse model of SLE [28].
Figure 2. NOD-like receptor subfamilies associated with autoinflammatory and autoimmune diseases.
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2. Pattern-associated molecular patterns (PAMPs)
The molecular characteristics of antigen recognition are remarkably different between adap-
tive and innate immune systems. In the adaptive immune system, random genomic recombi-
nation generates antigen receptors that recognize a wide range of antigens, while the innate 
immune system recognizes pathogens via a set of 20–40 pattern recognition receptors (PRRs) 
that are germline encoded. Each of these PRR proteins is specialized to recognize a relatively 
limited collection of pathogen-associated molecular patterns (PAMPs). The PRRs include 
the toll-like receptor (TLR), NOD-like receptor (NLR), RIG-I-like receptor (RLR) and C-type 
lectin receptor (CLR) families. Therefore, they are fixed and their ability to recognize rap-
idly evolving pathogens is quite limited [29, 30]. Sole reliance on recognition of the highly 
conserved PAMPs by PRRs constitutes a dangerous situation for the host. The past decade 
has seen a remarkable refocusing in immunology on the cells of the innate immune system, 
especially macrophages and dendritic cells. A preponderance of evidence suggests that the 
innate immune system holds more sophisticated recognition mechanisms than originally pre-
dicted. In addition to PAMPs, the alternative recognition system involves danger-associated 
molecular patterns (DAMPs); however, the DAMP molecules, such as ATP, uric acid crystals 
[31] and extracellular ATP, originate from self. This mechanism basically allows the innate 
immune system to sense cell death, bypassing the PAMPs [32]. Homeostasis-altering molecu-
lar processes (HAMPs) [9] are a newly emerging mechanism, distinct from DAMPs, proposed 
by Liston et al. Even though both DAMPs and HAMPs are specific to the host’s own cells, 
DAMPs are recognized by PRRs in the same manner as the PAMPs. One important distinction 
of HAMPs is that, unlike PAMPs and DAMPs, they are not recognized by PRRs. They are the 
output of an alteration in homeostasis in a living cell, in which case, the innate immune sys-
tem detects a cellular imbalance rather than a pattern. Intracellular inflammasome complexes 
provide excellent examples of this mechanism in action, as we discuss later in this chapter.
In contrast to foreign pathogen recognition through PAMPs by PRRs, there is an alternative 
mechanism for HAMPs (or DAMPs) that can cause inflammation in a sterile manner, result-
ing in tissue injury in the absence of a pathogen. This generates a potential link between 
HAMPs and (auto)-inflammatory diseases.
In addition to PAMPs, DAMPs and HAMPs, the term “SAMP” was introduced for self-associated 
molecular patterns, which could be sensed by innate inhibitory receptors to maintain a steady 
state level of immune cells and mitigate responses to self-molecule recognition (Figure 1) [12]. 
Host cells produce many different types of plasma membrane molecules that preclude comple-
ment reactions from occurring on their cell surfaces. The most important of these molecules is 
the carbohydrate moiety sialic acid, a common component of cell-surface glycoproteins and 
glycolipids. Given that they are abundant on cell surfaces and in the extracellular matrix, sialic 
acid as a self-glycan is the best candidate that fulfills the requirement to be a SAMP molecule. 
Other candidate SAMPs are glucose amino glycans (GAGs) such as sulfate heparin and derma-
tan sulfate [33]. As pathogens lack sialic acid, they are selected for destruction by complement 
pathway, while host cells are protected in the process. Some pathogens, including the bacterium 
Neisseria gonorrhoeae that causes the sexually transmitted disease gonorrhea, cover themselves 
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with a sialic acid layer to evade from the complement system. Hence, to recognize SAMPs, there 
might be self-PRRs (SPPRs). One suggested example is an innate component that inhibits the 
alternative complement pathway, called factor H (FH), which is a serum protein. FH inhibits the 
alternative complement pathway activation on host cell surfaces by detecting “self” in the form 
of sialic acid-bearing patterns on cell surfaces. Important residues in the sialic acid binding site 
are conserved from mouse to man, proposing a potential role for sialic acid as a host marker also 
in other mammals and a key role in human complement homeostasis [34]. FH recognizes hepa-
rin/heparin sulfate GAGs as well as sialic aiding host-non host discrimination by complement 
pathway [35]. Mutations in the critical residues that are involved in the binding of FH to the 
sialic acid have been shown to result in the unintended innate immune reactivity [36]. Besides 
FH, Siglecs (sialic acid recognizing Ig-like lectins) are considered second class of SPRRs for their 
ability to recognize sialic acid and sending inhibitory signals to innate immune cells. In concert 
with this observation, Siglec-G deficient mouse displayed overly activated response to DAMPs 
and PAMPs [37] and mouse eosinophils with deficient Siglec-F gave a hyperactive response [38]. 
Abundance and dominance of PAMPs and DAMPs indicate that there will most likely be more 
examples of SAMPs and SPRRs that are evolving to maintain self-glycan recognition.
3. Autoinflammatory diseases
The prevalence of a large group of autoimmune diseases is estimated 3–5% of the general 
population [39, 40]. The immunological deficiencies are fundamentally driven by a broad 
spectrum of genes and dysfunctional proteins that are not only limited to NLRs. According to 
the current literature, immune system encompasses perplex and highly specific interactions 
between numerous different cell types and molecules. Numerous events must occur prior to 
a cell-mediated or a humoral immune response is activated, which make these series of events 
vulnerable to disruptions at several stages by number of factors. Therefore, a broad defini-
tion of immune system would be “vast communication network of cells and chemical signals 
distributed in blood and tissue throughout the human body, which regulates normal growth 
and development of the organism while protecting against disease”.
Immunology emerged from the field of microbiology; hence, generations of immunologists 
were trained by microbiologists and historically, research in both these fields has addressed 
the relationship between host and microbe [41]. More than a century ago, Metchnikoff pos-
tulated that the primary task of the immune system is not attacking non-self but rather 
“co-existing with self” or even generation of a multi-cellular organism, despite the internal 
inconsistencies of its components. When functioning properly, the immune system detects 
numerous external threats including viruses, bacteria, parasites and stress as well as internal 
threats, such as tissue injuries, reactive oxygen species (ROS), uric acid crystals distinguishes 
them from the body’s own healthy tissue. Hence, the deregulation of the immune system may 
result in autoimmune diseases, inflammatory diseases and cancer. In humans, immunodefi-
ciency can result from a genetic disease such as severe combined immunodeficiency (SCID) 
or can be an acquired condition such as acquired immunodeficiency deficiency  syndrome 
(AIDS), or else the use of immunosuppressive medication can cause  immunedeficiencies. The 
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other end of the spectrum includes autoinflammatory and autoimmune conditions. Michael 
F. McDermott coined the term “autoinflammatory” at the end of the twentieth century to 
explain a group of genetic disorders identified by ambiguous, repeated episodes of fever and 
abnormal chronic inflammation which generally affect skin, eyes, joints, and gut [42]. In auto-
inflammatory diseases, the innate immune system is the main player, whereas in autoim-
mune diseases the adaptive immunity is suggested to be the main effector [43]. However, 
a growing body of evidence shows that this comparison seems to be an over simplification 
of the differences. A broader and more accurate definition suggested by Wekell and his col-
leagues is that “autoinflammatory diseases are defined by abnormally increased inflammation, driven 
by dysregulation of molecules and cells of the innate immune system with a host predisposition as 
necessary and sufficient criteria, frequently associated with activation of the adaptive immune sys-
tem and potentially with immune dysfunctions such as susceptibility to infections, autoimmunity 
or uncontrolled hyper inflammation” [44]. The host’s genetic background is critical in severe 
inflammation, immune system-mediated tissue damage and even in recurrent episodes of 
fever. New genes and proteins have been identified and the list of autoinflammatory diseases 
is continually growing. Mutations in inflammasome-related proteins, especially in NOD-like 
receptor (NLR) genes, have been reported to be significantly associated with autoinflamma-
tory diseases. Autoinflammatory diseases would be classified into monogenic and polygenic 
diseases depending on the genes involved [45]. The examples of monogenic autoinflamma-
tory diseases with inflammasome-related proteins and/or NLR gene associations are Familial 
Mediterranean Fever (FMF), cryopyrin-associated periodic syndrome (CAPS), familial cold 
auto-inflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS), Neonatal onset mul-
tisystemic inflammatory disorder (NOMID), NALP12-associated periodic fever, Blau’s syn-
drome and Crohn’s disease is an example of a polygenic autoinflammatory disease with a 
NLR association [45, 46]. Therapeutic approaches to treat autoinflammatory diseases include 
glucocordicoids and non-steroid anti-inflammatory drugs such as colchicine chloroquine, 
cyclophosphamide, azathioprine, methotrexate, and more recently mycophenolate mofetile. 
Especially, IL-1 targeting drugs are effective for many of these diseases [47]. The examples 
of the IL-1 drugs are anakinra, rilonacept and canakinumab. Lastly, the exploration of the 
multiple steps in the upstream of IL-1β release reveals a number of potential targets at dif-
ferent steps in the pathway. These drugs could be very effective at blocking several common 
inflammasome-mediated disorders but may not be used in the treatment of autoinflamma-
tory disorders due to mutations in the inflammasome pathway resulting in hyperactive or 
constitutive activation that is independent of upstream effectors.
4. Autoimmune diseases
Autoimmunity can be result of a hyperactive immune response, fighting against healthy tis-
sues by losing the ability to distinguish the foreign from self. Autoimmune diseases are a 
large group of at least 80 chronic disorders in which the immune system mounts an immune 
response against self-tissues and cells [48]. The concept of autoimmunity goes back to the 
early twentieth century. Paul Ehrlich initially proposed this concept of horror autotoxicus, 
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meaning that a “normal” body does not generate an immune response against its own tissues. 
In retrospect, Ehrlich was proven wrong, as the presence of autoantibodies and autoreactivity 
has become clear [49, 50]. Theoretically, autoimmunity is considered as a deficiency of B or 
T cell selection, with abnormal cell responses to self-antigens [45, 51]. Autoimmune diseases 
are regulated by a combination of host genes and environmental factors. Both these can con-
tribute to the predisposition to autoimmunity by altering the sensitivity and behavior of the 
immune system cells. Therefore, it is reasonable to argue that antigen specificity, recognition, 
expression, as well as the state and the response of the target tissues are influential in the 
occurrence of autoimmune diseases [48]. There are many ways to classify the autoimmune 
diseases. However, the most definitive and helpful way to group them would be according to 
the target tissue or organs that are damaged by the immune system. A few examples of these 
autoimmune diseases are listed: ((*) NLR-associated diseases)
1. Organ-specific autoimmune diseases: Liver (autoimmune chronic active hepatitis [52]), 
muscle (myasthenia gravis [53]), blood (autoimmune hemolytic anemia*, autoimmune 
leukopenia [54, 55]), Gastrointestinal (Crohn’s disease* (IBD-C)), food protein intolerance 
enteropathies (such as gluten sensitive enteropathy celiac disease* [27]), atrophic gastritis 
of autoimmune type [56] which leads to pernicious anemia [57], Nervous system (multiple 
sclerosis*, amyotrophic lateral sclerosis [58]), kidney (immune complex glomerulonephritis 
[59], skin (vitiligo* [60]).
2. Endocrine organ-specific autoimmune diseases: Adrenal gland (Addison’s disease [27]), ova-
ries (premature ovarian failure [61]), thyroid gland (Hashimoto’s autoimmune thyroiditis 
[62]), Graves’ disease [63], pancreas (Type I diabetes* [64]).
3. Systemic autoimmune diseases (the “lupus group”): Lupus erythematosus*, rheumatoid 
arthritis* [27]).
4. Other autoimmune diseases: Wegener’s granulomatosis, spontaneous male infertility [65].
In organ-specific autoimmune diseases, almost any organ in the body can be the specific target 
for immune response because of the antigen expressed only in that organ. Likewise, in endo-
crine organ-specific autoimmune diseases, immune system directs its response at the organs that 
are part of the endocrine system. However, in systemic autoimmune diseases, such as systemic 
lupus erythematosus (SLE), immune response targets antigens broadly expressed throughout 
the body including the central nervous system, kidneys, and heart. The sera from SLE patients 
contain antibodies directed against various components in the nuclei of cells, including small 
nuclear ribonucleoproteins (snRNPs); proteins of the chromosomes’ centromeres; and, most 
markedly, double-stranded DNA. Of all the autoimmune disease categories we discuss in 
this chapter, there are notable commonalities at each end of the spectrum. As such, thyroid 
autoantibodies are observed at high frequency in pernicious anemia patients who suffer from 
stomach autoimmunity. These individuals have a higher prevalence of thyroid autoimmunity 
than the healthy individuals. The group of rheumatologic diseases also display remarkable 
common features at the other end of the spectrum. Characteristics of rheumatoid arthritis 
have a number of resemblances with the clinical features of SLE. In these diseases, immune 
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complexes are accumulated consistently in the kidneys, joints, and skin. Finally, other autoim-
mune diseases include the diseases that do not belong to any of the aforementioned groups. 
This is by no means an entire listing of autoimmune diseases, and whether some diseases are 
completely or partly autoimmune is controversial. Most of these diseases are either is a result 
of serum antibody increase in host, immune-complex deposition in host tissues, high fre-
quency of tissue eosinophils, or elevated infiltration of lymphocytes to target tissues. Because 
of these immune reactions that take place in host, target tissues are injured in way that may or 
may not be preventable and moreover may or may not be reversible. Currently used therapies 
involve glucocorticoids and non-steroid anti-inflammatory drugs. Chloroquine, cyclophos-
phamide, azathioprine, methotrexate, as well as mycophenolate mofetile, anti-TNF agents 
(anti-TNF monoclonal antibody), and anti-inflammatory cytokines such as IL-10 and TGF-
beta are listed as autoimmune disease treatment approaches [66].
5. Autoinflammatory mechanisms in autoimmune diseases
Approximately 500-million-year-old adaptive immune system recognizes “non-self” sub-
stances through the immunoglobulins that are produced by plasma cells and/or T cell recep-
tor interactions with major histocompatibility complex (MHC)/peptide complexes. Cells of 
the more ancient innate immune system carry receptors that recognize foreign glycans, cer-
tain motifs from pathogens [67]. The adaptive immune system is signaled into action by the 
innate immune system for the optimal host defense [68], therefore it is reasonable to consider 
the involvement of autoinflammatory mechanisms in autoimmune diseases. By and large, in 
autoinflammatory diseases, tissue and organ destructions are mediated by cytokine produc-
tion by macrophages and granulocytes such as neutrophils, whereas in the pathogenesis of 
autoimmune diseases, tissue and organ damage is mediated by hyper-activation of T and B 
lymphocytes, and the production of autoantibodies. However, the innate immune system has 
an effect on the differentiation of immune cells of the adaptive system. The inflammasome-
driven innate cytokines Interleukine-1beta (IL-1β) and IL-18 play roles in the differentia-
tion of T helper subsets Th1 or Th17 by the upregulation of receptors like the IL-2 receptor, 
expands the lifespan of T cells, and also augmentation of B cell proliferation and antibody 
production. In the classical autoimmune disease systemic lupus erythematosus (SLE), auto-
inflammatory reactions have roles in a subset of SLE patients. TREX1 endonuclease gene 
mutations leads to an increase in the levels of cytosolic DNA which is then recognized by 
toll-like receptor 7 (TLR7) and TLR9, resulting in the expression of interferon-alpha (IFN-α) 
[69, 70]. IFN-α enhances the dendritic cell (DC) maturation and activation which causes the 
subsequent activation of B cells and antibody production [41]. Most recent studies underlie 
the control of adaptive immunity by innate immune responses that activated DCs have been 
shown to favor the Th17 cell differentiation from naive T helper cells through the activa-
tion of NLRP3 inflammasome complex [71]. Our understanding of immune deficiencies that 
share the prefix “auto-”resulting from dysfunctional NLRs and inflammasomes has broad-
ened considerably over the past decade. In the next section, NLRs and inflammasomes will 
be discussed in detail due to their involvement in the progression of autoinflammatory and 
autoimmune diseases.
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6. NLRs in autoinflammatory diseases
Numerous autoinflammatory diseases have been strongly linked with gain-of-function 
mutations or variations in inflammasome-forming NLRs (NLRP1, NLRP3, NLRP6, NLRP7, 
NLRP12, NLRC4, and NAIPs) and non-inflammasome-forming NLRs (NOD1/2, NLRP10, 
NLRX1, NLRC5, and CIITA) [72]. Here, we are going to examine NLR proteins individually 
for the autoinflammatory diseases in which they are involved.
1. NLRA subfamily:
a. Class II transactivator (CIITA): CIITA is a human gene which encodes class II, ma-
jor histocompatibility complex (MHC), transactivator. MHC CIITA was discovered in 
1993 as the gene associated with hereditary major histocompatibility complex Class II 
deficiency, also mutations in CIITA gene were found to be responsible for the bare lym-
phocyte syndrome in which the immune system is highly compromised and cannot 
effectively mount a counterattack against the infection [73]. Mainly lymphocytes, den-
dritic cells, macrophages, and other professional antigen presenting cells are known to 
express CTIIA. To date, a number of autoimmune diseases but not autoinflammatory 
diseases have been reported to be linked to CIITA gene. Later in this chapter, we will 
revisit the CIITA involvement in the development of autoimmune diseases.
2. NLRPB subfamily:
a. Neuronal apoptosis inhibitory protein (NAIPs): The first discovered inhibitor of apop-
tosis protein (IAP) in mammals was NAIP. Mutations and deletions of the NAIP gene 
have been associated with the spinal muscular atrophy (SMA) phenotype [74]. Like 
CIITA protein, NAIP was speculated to be involved in autoimmune reactions rather 
than autoinflammation. In mice different paralogues of NAIP determine the specificity 
of the NLRC4 inflammasome assembly for distinct bacterial ligands. Innate immune 
recognition of bacterial ligands by NAIPs determines inflammasome specificity, there-
fore NAIP has important contributions to the inflammatory reactions. Yet, the involve-
ment of NAIPs in autoinflammation requires further research.
3. NLRC/X subfamily:
a. NOD1/2: NOD1 and NOD2 are the protein products of CARD4 and CARD15 genes, 
respectively. The studies focusing on NOD1 and NOD2 primarily involves their 
signaling activities. The peptidoglycan components diaminopimelic acid (DAP) and 
muramyl dipeptide (MDP) from Gram-negative and Gram-positive bacteria are rec-
ognized by NODs [75]. NOD1 and NOD2 have been associated in a multitude of 
inflammatory diseases. Especially mutations and SNPs in CARD15 have been associ-
ated with Blau Syndrome which is characterized by arthritis, uveitis, and skin rash 
[76, 77]. It is plausible to suggest that a gain of function mutation of NOD2 in Blau’s 
syndrome is leads to a continuous pro-inflammatory state. Patients are treated with 
oral steroids and immunosuppressive drugs such as cyclosporine, methotrexate with 
variable results [46, 78].
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b. NLRC3, 5, and NLRX1: Although, they are listed in this subfamily, their associations 
or their functional contributions to the pathogenesis of autoinflammatory diseases 
have not been reported yet. NLRC5, as one of the newest additions to the NLR fam-
ily; NLRX1 as a unique NLR in that it carries an N-terminal mitochondrial targeting 
sequence [79], are known to be involved in inflammatory processes and the latter en-
hances the reactive oxygen species (ROS) production. However, their effect on human 
health and diseases remains to be elusive.
c. NLRC4: Interestingly, a de novo gain-of-function mutation in NLRC4 was found to co-
segregate with a disease. The disease is characterized by neonatal onset enterocolitis, 
periodic fever, and fatal or near-fatal episodes of autoinflammation Over activating 
mutation in NLRC4 leads to the constitutive production of IL-1FC and macrophage 
cell death through pyroptosis. These results suggested a novel role for NLRC4 inflam-
masome in causing a debilitating but treatable autoinflammatory disease [80].
4. NLRP subfamily:
a. NLRP1: The NLRP1 protein has a distinct structure as compared to other NLRs. Hu-
man NLRP1 has a PYD on the N terminus and a CARD on the C-terminus, with ZU5 
and UPA domains in the internal region which is attributed to proteolytic activity [81]. 
Most recently, it was demonstrated that cytosolic double-stranded (ds) DNA triggered 
the activation of caspase-5 in keratinocytes and subsequent release of IL-1β. Moreo-
ver, interleukin-17A enhanced caspase-5 function through priming of NLRP1-inflam-
masome. In the study, anti-inflammatory vitamin D have been shown to prevent the 
IL-1β release and to suppress caspase-5 in keratinocytes and in psoriatic skin lesions. 
The NLPR1-dependent caspase-5 activity in psoriasis was suggested by exploring po-
tential therapeutic targets in Th17-mediated skin autoinflammation [82]. Furthermore, 
another group has recently demonstrated that human NLRP1 is involved in a novel 
autoinflammatory disorder that researchers propose to call NAIAD for NLRP1-asso-
ciated autoinflammation with arthritis and dyskeratosis. This disease could be a novel 
autoimmuno-inflammatory disease having both autoinflammatory and autoimmune 
characteristics [83].
b. NLRP3: Among all the NLRs, NLRP3 by far the most studied inflammasome. It is most-
ly expressed in the cells of innate immunity such as splenic neutrophils, macrophages, 
monocytes, and dendritic cells [84]. NLRP3 has been linked to autoinflammatory diseas-
es by several research groups. Gain-of-function mutations in the NLRP3 inflammasome 
lead to the increased production of IL-1β and cause (CAPS) [85]. CAPS are a large arsenal 
of diseases classified as familial cold auto-inflammatory syndrome (FCAS), Muckle-Wells 
syndrome (MW) and neonatal onset multisystem inflammatory disorder (NOMID). 
These three CAPS are distinguished from one another based on their phenotypic severity. 
These diseases are basically identified by inflammation affecting skin, joints, eyes, bone, 
muscles, and central nervous system as a result of increased IL-1β production. There 
have been over 50 different NLRP3 mutations identified and supression of IL-1β by anak-
inra, rilonacept, or canakinumab help mitigate clinical symptoms [27]. IgA nephropathy 
is another disease which is characterized by leukocyte and lymphocyte infiltration in the 
glomerulus. It is demonstrated that NLRP3 inflammasome localization to mitochondria 
in tubular epithelium has a crucial role in the progress of this pathology [86].
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c. NLRP12: NLRP12 gene mutations have been found in a group of patients with clini-
cal manifestations identifiable with CAPS, such as recurrent fever and cold sensitivity 
associated with added symptoms such as neuronal hearing loss, lymphadenopathy, 
abdominal pain, and acute phase response. These patients did not have mutations at 
the NLRP3 locus [87].
7. NLRs in autoimmune diseases
To date, many genes have been reported to operate in the development of autoimmunity 
and modification of inflammation of specific tissues; however, we will continue to focus on 
the NLR family members that are significantly associated with autoimmune diseases. As dis-
cussed in the previous section, it is essential to note that there are overlapping NLRs in the 
development of both autoinflammatory and autoimmune diseases.
1. NLRA subfamily:
a. CIITA: Genome-wide association studies (GWAS) and whole exome sequencing stud-
ies have found SNPs in CIITA that are linked to celiac disease [88], which is character-
ized by destruction of the lining of the small intestine by T cells reactive to certain di-
etary molecules [27]; rheumatoid arthritis which is caused by chronic inflammation of 
the synovial membrane in the joints [89]; multiple sclerosis (MS) in which autoreactive 
T cell infiltration in central nervous system results in the destruction of myelin sheaths 
covering the nerve cells [90]; SLE, a disease where immune response (autoantibodies) 
against self-antigens affect multiple organs and tissues [91], and type-1 diabetes which 
is characterized by infiltration of T cells to the pancreatic islets resulting in the destruc-
tion of β cells that are responsible for insulin production [92]. Despite the presence of 
several studies on the association of CIITA gene to a variety of autoimmune diseases, 
these results were not always reproducible. These variations among the studies were 
suggested to be related to the age-dependent variation in CIITA gene [92, 93].
2. NLRB subfamily:
a. NAIP: It is a critical component of the NLRC4 inflammasome and important for the de-
tection of bacterial components, as well as the scaffolding of the NAIP-NLRC4 inflam-
masome. The expression of the IAP family of anti-apoptotic protein encoding genes in 
peripheral blood samples and brain tissues from MS patients suggest a role for differ-
ential regulation of these proteins in the pathology of MS. As a member of IAP family, 
NAIP mRNA was found to increase in whole blood [94].
3. NLRC/X subfamily:
a. NOD1/2: The most common mutation of NOD2 is a frameshift mutation in the LRR 
region of the receptor that causes the Crohn’s disease [88]. The disease is caused by 
autoreactive T cells against intestinal flora antigens, while the mutations conferring sus-
ceptibility to Blau syndrome were reported in the NOD region of the same receptor [76].
b. NLRC3 and NLRX1: Despite the absence of reports on the association of NLRC3 and 
NLRX1, there are studies that focused on these 2 NLRs in the context of SLE. The 
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 mitochondrial anti-viral signaling protein (MAVS) is required for anti-viral defense of 
innate immunity. Melanoma differentiation-associated protein 5 (MDA5) is a retinoic 
acid inducible gene-I (RIG-I) receptor that recognizes viral dsRNA and undergoes a con-
formational change which then induces the activation of MAVS, resulting in the type 
I interferon production [95]. A considerable fraction of patients who suffer from SLE 
display MAVS aggregation in their peripheral blood cells and that the type-I interferon 
production contributes to the SLE development. It has been suggested that NLRC3 plays 
inhibitory roles during inflammation and it may interact with the RIGI-MAVS pathway 
through stimulator of interferon genes (STING) [96]. Thus, the authors compared and 
found the same levels of NLRC3 and NLRX1 in the aggregates-positive and aggregates-
negative groups of SLE patients, suggesting no involvement of NLRC3 and NLRX1 in 
SLE development [97].
4. NLRP subfamily:
a. NLRP1: GWAS and candidate gene analysis studies provided data regarding the as-
sociation of NLRP1 variants with vitiligo alone and vitiligo-associated multiple au-
toimmune diseases. This disease is characterized by the absence of melanocytes in 
the epidermis which is observed as white patches on the skin. Mutations of NLRP1 
were detected in the promoter and/or coding regions of NLRP1 [98]. The function-
al role of SNPs in NLRP1 is not clear, so the processes linking NLRP1 variations 
and vitiligo remains unclear. However, the expression of NLRP11 in T cells and 
Langerhans cells suggest a role for NLRP1 in skin autoimmunity [99]. In addition 
to vitiligo, NLRP11’s involvement in other autoimmune diseases has been noted, 
including Addison’s disease that is characterized by destruction of adrenal cortex 
and type-1 diabetes [100], celiac disease [101], autoimmune thyroid disorders (aka 
Hashimoto’s Thyroiditis) results from the destruction of thyroid tissue that leads 
to hypothyroidism [62, 102], systemic lupus erythematosus (SLE), and rheumatoid 
arthritis [103].
b. NLRP3: Given the abundance of studies conducted to decipher the roles of NLRP3, 
more evidence-based report is available for the associations of NLRP3 both in autoin-
flammatory and autoimmune diseases. SNPs in the NLRP3 gene have been linked to 
a wide variety of autoimmune diseases among which are type-1 diabetes and celiac 
disease [104], psoriasis [105].
c. NLRP2, 9, 11: SNP array analysis in 50 patients with systemic Juvenile Idiopathic Ar-
thritis (s-JIA) showed many disease-related copy number variations (CNVs). Notably, 
most of them were inherited from either of normal-phenotype parents. In one patient, 
authors were able to identify two de novo micro-duplications at 19q13.42. The duplica-
tions span NLRP2, NLRP9, and NLRP11, also IL-11 and HSPBP1, all of which function 
in inflammatory pathways. These genes have been suggested be involved in the patho-
genesis of s-JIA11 [106].
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8. Concluding remarks and future perspectives
Our understanding of how NLRs drive autoimmunity has advanced tremendously in the last 
decade. Even so, many questions remain unaddressed, mainly because a plethora of different 
parameters are responsible for the predisposition to autoimmune diseases and the precipitation 
of such illnesses. In this chapter, we discussed the subject of autoimmunity with respect to NLRs 
in an attempt to clarify their connection to autoimmunity. The molecular genetics of inflamma-
somes have been intensively studied in both autoinflammatory and autoimmune diseases and 
these studies identified mutations in genes encoding NLRs or polymorphisms that cause the 
development of such diseases. With the advent of new technologies such as genome-wide screen-
ing and next generation sequencing, we can now evaluate the pathogenesis of autoinflammation-
related diseases from a more holistic point of view. The potency of NLRs in mounting an immune 
response is crucial for the host, but can also be the reason for life-threatening health problems 
when inappropriate responses occur. Ever increasing new data from large scale studies deepen 
our current knowledge on the roles of NLRs, however the function of several of the NLRs remains 
unclear. In particular, a long-standing question is how NLRs interact with a variety of structurally 
different ligands. Furthermore, the presence of layers of regulatory pathways and different bind-
ing partners make it even more perplexing. Our hope and expectations are that discovery of the 
complete portfolio of hidden cellular activities that NLRs mediate will tell us how these innate 
immune molecules function to regulate immunity and will ultimately lead to new, more effective 
life-saving therapeutic drugs for treatment of autoinflammatory and autoimmune diseases.
Acknowledgements
I thank Onur Eskiocak, Ilgin Akkaya, Irem Ozel for technical assistance and I am especially 
grateful to Dr. Deborah Wessels for language editing.
Author details
Ceren Ciraci
Address all correspondence to: ciracic@itu.edu.tr
Molecular Biology and Genetics Department, Istanbul Technical University, Turkey
References
[1] Henao-Mejia J, et al. Inflammasomes: Far beyond inflammation. Nature Immunology. 
2012;13(4):321-324. DOI: 10.1038/ni.2257
Physiology and Pathology of Autoinflammation: NOD-like Receptors in Autoinflammation and...
http://dx.doi.org/10.5772/intechopen.70484
89
[2] Lange C, et al. Defining the origins of the NOD-like receptor system at the base of ani-
mal evolution. Molecular Biology and Evolution. 2011;28(5):1687-1702. DOI: 10.1093/
molbev/msq349
[3] Franchi L, et al. Function of Nod-like receptors in microbial recognition and host defense. 
Immunology Reviews. 2009;227(1):106-128. DOI: 10.1111/j.1600065X.2008.00734.x
[4] Ting JP, et al. The NLR gene family: A standard nomenclature. Immunity. 2008;28(3):285-
287. DOI: 10.1016/j.immuni.2008.02.005
[5] Proell M, et al. The NOD-like receptor (NLR) family: A tale of similarities and differ-
ences. PLoS One. 2008;3(4):e2119. DOI: 10.1371/journal.pone.0002119
[6] Latz E. The inflammasomes: Mechanisms of activation and function. Current Opinion in 
Immunology. 2010;22(1):28-33. DOI: 10.1016/j.coi.2009.12.004
[7] Inohara N, et al. NOD1, an Apaf-1-like activator of caspase-9 and nuclear factor-kap-
paB. Journal of Biological Chemistry. 1999;274(21):14560-14567. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/10329646
[8] Said-Sadier N, Ojcius DM, Alarmins, inflammasomes and immunity. Biomedical 
Journal. 2012;35(6):437-449. DOI: 10.4103/2319-4170.104408
[9] Liston A, Masters SL. Homeostasis-altering molecular processes as mechanisms of 
inflammasome activation. Nature Reviews Immunology. 2017;17(3):208-214. DOI: 
10.1038/nri.2016.15
[10] Martinon F, Burns K, Tschopp J. The inflammasome: A molecular platform trigger-
ing activation of inflammatory caspases and processing of proIL-beta. Molecular Cell. 
2002;10(2):417-426. Available from: http://www.ncbi.nlm.nih.gov/pubmed/12191486
[11] Sutterwala FS, Flavell RA. NLRC4/IPAF: A CARD carrying member of the NLR family. 
Clinical Immunology. 2009;130(1):2-6. DOI: 10.1016/j.clim.2008.08.011
[12] Varki A. Since there are PAMPs and DAMPs, there must be SAMPs? Glycan “self-asso-
ciated molecular patterns” dampen innate immunity, but pathogens can mimic them. 
Glycobiology. 2011;21(9):1121-1124. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/21932452
[13] Schroder K, Tschopp J. The inflammasomes. Cell. 2010;140(6):821-832. DOI: 10.1016/j.
cell.2010.01.040
[14] Park YH, et al. Pyrin inflammasome activation and RhoA signaling in the autoinflam-
matory diseases FMF and HIDS. Nature Immunology. 2016;17(8):914-921. DOI: 10.1038/
ni.3457
[15] Akula MK, et al. Control of the innate immune response by the mevalonate pathway. 
Nature Immunology. 2016;17(8):922-929. DOI: 10.1038/ni.3487
[16] Munoz, MA, et al. Defective protein prenylation is a diagnostic biomarker of mevalon-
ate kinase deficiency. Journal of Allergy and Clinical Immunology. 2017. DOI: 10.1016/j.
jaci.2017.02.033
Physiology and Pathology of Immunology90
[17] Mortimer L, et al. NLRP3 inflammasome inhibition is disrupted in a group of auto-
inflammatory disease CAPS mutations. Nature Immunology. 2016;17(10):1176-1186. 
DOI: 10.1038/ni.3538
[18] LaRock CN, et al. IL-1beta is an innate immune sensor of microbial proteolysis. Science 
Immunology. 2016;1(2). Epub 2016 Aug 19. DOI: 10.1126/sciimmunol.aah3539
[19] de Torre-Minguela C, Mesa Del Castillo P, Pelegrin P. The NLRP3 and Pyrin inflamma-
somes: Implications in the pathophysiology of autoinflammatory diseases. Frontiers in 
Immunology. 2017;8:43. DOI: 10.3389/fimmu.2017.00043
[20] Medzhitov R. Origin and physiological roles of inflammation. Nature. 2008;454(7203):428-
435. DOI: 10.1038/nature07201
[21] Zong WX, Thompson CB. Necrotic death as a cell fate. Genes and Development. 
2006;20(1):1-15. DOI: 10.1101/gad.1376506
[22] Lebeaupin C, et al. ER stress induces NLRP3 inflammasome activation and hepatocyte 
death. Cell Death & Disease. 2015;6:e1879. DOI: 10.1038/cddis.2015.248
[23] Jin T, et al. Structures of the HIN domain: DNA complexes reveal ligand binding and 
activation mechanisms of the AIM2 inflammasome and IFI16 receptor. Immunity. 
2012;36(4):561-571. DOI: 10.1038/cddis.2015.248
[24] Man SM, Karki R, Kanneganti TD. AIM2 inflammasome in infection, cancer, and auto-
immunity: Role in DNA sensing, inflammation, and innate immunity. European Journal 
of Immunology. 2016;46(2):269-280. DOI: 10.1002/eji.201545839
[25] Morrone SR, et al. Assembly-driven activation of the AIM2 foreign-dsDNA sensor 
provides a polymerization template for downstream ASC. Nature Communications. 
2015;6:7827. DOI: 10.1038/ncomms8827
[26] Lupfer CR, Rodriguez A, Kanneganti TD. Inflammasome activation by nucleic acids and 
nucleosomes in sterile inflammation…or is it sterile? FEBS Journal. 2017;284(15):2363-
2374. DOI: 10.1111/febs.14076
[27] Shaw PJ, McDermott MF, Kanneganti TD. Inflammasomes and autoimmunity. Trends in 
Molecular Medicine. 2011;17(2):57-64. DOI: 10.1016/j.molmed.2010.11.0
[28] Kahlenberg JM, et al. Inflammasome activation of IL-18 results in endothelial pro-
genitor cell dysfunction in systemic lupus erythematosus. Journal of Immunology. 
2011;187(11):6143-6156. DOI: 10.4049/jimmunol.1101284
[29] Cao X. Self-regulation and cross-regulation of pattern-recognition receptor signalling 
in health and disease. Nature Reviews Immunology. 2016;16(1):35-50. DOI: 10.1038/
nri.2015.8
[30] Liu D, Rhebergen AM, Eisenbarth SC. Licensing adaptive immunity by NOD-like recep-
tors. Frontiers in Immunology. 2013;4:486. DOI: 10.3389/fimmu.2013.00486
[31] Conforti-Andreoni C, et al. Uric acid-driven Th17 differentiation requires inflamma-
some-derived IL-1 and IL-18. Journal of Immunology. 2011;187(11):5842-5850. DOI: 
10.4049/jimmunol.1101408
Physiology and Pathology of Autoinflammation: NOD-like Receptors in Autoinflammation and...
http://dx.doi.org/10.5772/intechopen.70484
91
[32] Matzinger P. The danger model: A renewed sense of self. Science. 2002;296(5566):301-
305. DOI: 10.1126/science.1071059
[33] Esko JD, Kimata K, Lindahl U. Proteoglycans and sulfated glycosaminoglycans. In: 
Varki A, et al, editors. Essentials of Glycobiology. New York: Cold Spring Harbor; 2009
[34] Blaum BS, et al. Structural basis for sialic acid-mediated self-recognition by complement 
factor H. Nature Chemical Biology. 2015;11(1):77-82. DOI: 10.1038/nchembio.1696
[35] Kajander T, et al. Dual interaction of factor H with C3d and glycosaminoglycans in 
host-nonhost discrimination by complement. Proceedings of the National Academy 
of Sciences of the United States of America. 2011;108(7):2897-2902. DOI: 10.1073/
pnas.1017087108
[36] Herbert AP, et al. Structure shows that a glycosaminoglycan and protein recognition site 
in factor H is perturbed by age-related macular degeneration-linked single nucleotide 
polymorphism. Journal of Biological Chemistry. 2007;282(26):18960-18968. DOI: 10.1074/
jbc.M609636200
[37] Chen GY, et al. CD24 and Siglec-10 selectively repress tissue damage-induced immune 
responses. Science. 2009;323(5922):1722-175. DOI: 10.1126/science.1168988
[38] Zhang M, et al. Defining the in vivo function of Siglec-F, a CD33-related Siglec expressed 
on mouse eosinophils. Blood. 2007;109(10):4280-4287. DOI: 10.1182/blood-2006-08- 
039255
[39] Cooper GS, Bynum ML, Somers EC. Recent insights in the epidemiology of autoimmune 
diseases: Improved prevalence estimates and understanding of clustering of diseases. 
Journal of Autoimmunity. 2009;33(3-4):197-207. DOI: 10.1016/j.jaut.2009.09.008
[40] Jacobson DL, et al. Epidemiology and estimated population burden of selected auto-
immune diseases in the United States. Clinical Immunology and Immunopathology. 
1997;84(3):223-243. Available from: http://www.ncbi.nlm.nih.gov/pubmed/9281381
[41] Poletaev AB, et al. Immunophysiology versus immunopathology: Natural autoimmu-
nity in human health and disease. Pathophysiology. 2012;19(3):221-231. DOI: 10.1016/j.
pathophys.2012.07.003
[42] Galeazzi M, et al. Autoinflammatory syndromes. Clinical and Experimental Rheu-
matology. 2006;24(1 Suppl 40):S79-S85. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/16466630
[43] Doria A, et al. Autoinflammation and autoimmunity: Bridging the divide. Autoimmunity 
Reviews. 2012;12(1):22-30. DOI: 10.1016/j.autrev.2012.07.018
[44] Wekell P, et al. Toward an inclusive, congruent, and precise definition of autoinflam-
matory diseases. Frontiers in Immunology. 2017;8:497. DOI: 10.3389/fimmu.2017.00497
[45] McGonagle D, McDermott MF. A proposed classification of the immunological diseases. 
PLoS Medicine. 2006;3(8):e297. DOI: 10.1371/journal.pmed.0030297
Physiology and Pathology of Immunology92
[46] Ciccarelli F, De Martinis M, Ginaldi L. An update on autoinflammatory diseases. Current 
Medicinal Chemistry. 2014;21(3):261-269. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/24164192
[47] Hoffman HM. Therapy of autoinflammatory syndromes. Journal of Allergy and Clinical 
Immunology. 2009;124(6):1129-1138; quiz 1139-1140. DOI: 10.1016/j.jaci.2009.11.001
[48] Marrack P, Kappler J, Kotzin BL. Autoimmune disease: Why and where it occurs. Nature 
Medicine. 2001;7(8):899-905. DOI: 10.1038/90935
[49] Davidson A, Diamond B. Autoimmune diseases. New England Journal of Medicine. 
2001;345(5):340-350. DOI: 10.1056/NEJM200108023450506
[50] Hodgkin PD, Heath WR, Baxter AG. The clonal selection theory: 50 years since the revo-
lution. Nature Immunology. 2007;8(10):1019-1026. DOI: 10.1038/ni1007-1019
[51] Silverstein AM. Autoimmunity versus horror autotoxicus: The struggle for recognition. 
Nature Immunology. 2001;2(4):279-281. DOI: 10.1038/86280
[52] Lauletta G, et al. Autoimmune hepatitis: Factors involved in initiation and methods of 
diagnosis and treatment. Critical Reviews in Immunology. 2016;36(5):407-428
[53] Berrih-Aknin S. Myasthenia gravis, a model of organ-specific autoimmune disease. 
Journal of Autoimmunity. 1995;8(2):139-143. DOI: 10.1006/jaut.1995.0011
[54] Afzal W, et al. Autoimmune neutropenia updates: Etiology, pathology, and treatment. 
The Southern Medical Journal. 2017;110(4):300-307. DOI: 10.14423/SMJ.0000000000000637
[55] Sester DP, et al. Deficient NLRP3 and AIM2 inflammasome function in autoimmune NZB 
mice. Journal of Immunology. 2015;195(3):1233-1241. DOI: 10.4049/jimmunol.1402859
[56] Coati I, et al. Autoimmune gastritis: Pathologist's viewpoint. World Journal of 
Gastroenterology. 2015;21(42):12179-12189. DOI: 10.3748/wjg.v21.i42.12179
[57] Zhou Z, et al. MCPIP1 deficiency in mice results in severe anemia related to autoim-
mune mechanisms. PLoS One. 2013;8(12):e82542. DOI: 10.1371/journal.pone.0082542
[58] Bhat R, Steinman L. Innate and adaptive autoimmunity directed to the central nervous 
system. Neuron. 2009;64(1):123-132. DOI: 10.1016/j.neuron.2009.09.015
[59] Andersen K, et al. The NLRP3/ASC inflammasome promotes T-cell-dependent immune 
complex glomerulonephritis by canonical and noncanonical mechanisms. Kidney 
International. 2014;86(5):965-978. DOI: 10.1038/ki.2014.161
[60] Marie J, et al. Inflammasome activation and vitiligo/nonsegmental vitiligo progression. 
British Journal of Dermatology. 2014;170(4):816-823. DOI: 10.1111/bjd.12691
[61] Saif A, Assem M. Premature ovarian failure could be an alarming sign of polyglandular 
autoimmune dysfunction. Endocrine Regulations. 2017;51(2):114-116
[62] Lepez T, et al. Fetal microchimeric cells in blood of women with an autoimmune thyroid 
disease. PLoS One. 2011;6(12):e29646. DOI: 10.1371/journal.pone.0029646
Physiology and Pathology of Autoinflammation: NOD-like Receptors in Autoinflammation and...
http://dx.doi.org/10.5772/intechopen.70484
93
[63] Di Cerbo A, Pezzuto F, Di Cerbo A. Growth hormone and insulin-like growth factor 
1 affect the severity of Graves' disease. Endocrinology, Diabetes & Metabolism Case 
Reports. 2017;2017.eCollection 2017. DOI: 10.1530/EDM-17-0061
[64] Hu C, et al. NLRP3 deficiency protects from type 1 diabetes through the regulation of 
chemotaxis into the pancreatic islets. Proceedings of the National Academy of Sciences 
of the United States of America. 2015;112(36):11318-11323. DOI: 10.1073/pnas.1513509112
[65] Jennette JC. Nomenclature and classification of vasculitis: Lessons learned from gran-
ulomatosis with polyangiitis (Wegener's granulomatosis). Clinical and Experimental 
Immunology. 2011;164(Suppl 1):7-10. DOI: 10.1111/j.1365-2249.2011.04357.x
[66] Yildirim-Toruner C, Diamond B. Current and novel therapeutics in the treatment of sys-
temic lupus erythematosus. Journal of Allergy and Clinical Immunology. 2011;127(2):303-
312; quiz 313-314. DOI: 10.1016/j.jaci.2010.12.1087
[67] Janeway CA Jr, Medzhitov R. Innate immune recognition. Annual Review of 
Immunology. 2002;20:197-216. DOI: 10.1146/annurev.immunol.20.083001.084359
[68] Iwasaki A, Medzhitov R. Control of adaptive immunity by the innate immune system. 
Nature Immunology. 2015;16(4):343-353. DOI:10.1038/ni.3123
[69] Aringer M, Gunther C, Lee-Kirsch MA. Innate immune processes in lupus erythemato-
sus. Clinical Immunology. 2013;147(3):216-222. DOI: 10.1016/j.clim.2012.11.012
[70] Fye JM, et al. Dominant mutation of the TREX1 exonuclease gene in lupus and Aicardi-
Goutieres syndrome. Journal of Biological Chemistry. 2011;286(37):32373-32382. DOI: 
10.1074/jbc.M111.276287
[71] Ciraci C, et al. Immune complexes indirectly suppress the generation of Th17 responses 
in vivo. PLoS One. 2016;11(3):e0151252. DOI: 10.1371/journal.pone.0151252
[72] Shinkai K, McCalmont TH, Leslie KS. Cryopyrin-associated periodic syndromes and 
autoinflammation. Clinical and Experimental Dermatology. 2008;33(1):1-9. DOI: 10.1111/ 
j.1365-2230.2007.02540.x
[73] Steimle V, et al. Complementation cloning of an MHC class II transactivator mutated in 
hereditary MHC class II deficiency (or bare lymphocyte syndrome). Cell. 1993;75(1):135-
46. Available from: http://www.ncbi.nlm.nih.gov/pubmed/8402893
[74] Roy N, et al. The gene for neuronal apoptosis inhibitory protein is partially deleted 
in individuals with spinal muscular atrophy. Cell. 1995;80(1):167-178. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/7813013
[75] Girardin SE, et al. Peptidoglycan molecular requirements allowing detection by Nod1 
and Nod2. Journal of Biological Chemistry. 2003;278(43):41702-41708. DOI: 10.1074/jbc.
M307198200
[76] Miceli-Richard, C, et al. CARD15 mutations in blau syndrome. Nature Genetics. 
2001;29(1):19-20. DOI: 10.1038/ng720
Physiology and Pathology of Immunology94
[77] Wilmanski JM, Petnicki-Ocwieja T, Kobayashi KS. NLR proteins: Integral members of 
innate immunity and mediators of inflammatory diseases. Journal of Leukocyte Biology. 
2008;83(1):13-30. DOI: 10.1189/jlb.0607402
[78] Arostegui JI, et al. NOD2 gene-associated pediatric granulomatous arthritis: Clinical 
diversity, novel and recurrent mutations, and evidence of clinical improvement with 
interleukin-1 blockade in a Spanish cohort. Arthritis and Rheumatism. 2007;56(11):3805-
3813. DOI: 10.1002/art.22966
[79] Arnoult D, et al., An N-terminal addressing sequence targets NLRX1 to the mitochon-
drial matrix. Journal of Cell Science. 2009;122(Pt 17):3161-3168. DOI: 10.1242/jcs.051193
[80] Romberg N, et al. Mutation of NLRC4 causes a syndrome of enterocolitis and autoin-
flammation. Nature Genetics. 2014;46(10):1135-1139. DOI: 10.1038/ng.3066
[81] Zhong Y, Kinio A, Saleh M. Functions of NOD-like receptors in human diseases. Frontiers 
in Immunology. 2013;4:333. DOI: 10.3389/fimmu.2013.00333
[82] Zwicker S, et al. Th17 micro-milieu regulates NLRP1-dependent caspase-5 activity in skin 
autoinflammation. PLoS One. 2017;12(4):e0175153. DOI: 10.1371/journal.pone.0175153
[83] Grandemange S, et al. A new autoinflammatory and autoimmune syndrome associ-
ated with NLRP1 mutations: NAIAD (NLRP1-associated autoinflammation with arthri-
tis and dyskeratosis). Annals of the Rheumatic Diseases. 2017;76(7):1191-1198. DOI: 
10.1136/annrheumdis-2016-210021
[84] Guarda G, et al. Differential expression of NLRP3 among hematopoietic cells. Journal of 
Immunology. 2011;186(4):2529-2534. DOI: 10.4049/jimmunol.1002720
[85] Aksentijevich I, et al. The clinical continuum of cryopyrinopathies: Novel CIAS1 muta-
tions in North American patients and a new cryopyrin model. Arthritis and Rheumatism. 
2007;56(4):1273-1285. DOI: 10.1002/art.22491
[86] Chun J, et al. NLRP3 localizes to the tubular epithelium in human kidney and corre-
lates with outcome in IgA nephropathy. Science Reports. 2016;6:24667. DOI: 10.1038/
srep24667
[87] Jeru I, et al. Mutations in NALP12 cause hereditary periodic fever syndromes. Proceedings 
of the National Academy of Sciences of the United States of America. 2008;105(5):1614-
1619. DOI: 10.1073/pnas.0708616105
[88] Szperl AM, et al. Exome sequencing in a family segregating for celiac disease. Clinical 
Genetics. 2011;80(2):138-147. DOI: 10.1111/j.1399-0004.2011.01714.x
[89] Swanberg M, et al. MHC2TA is associated with differential MHC molecule expression 
and susceptibility to rheumatoid arthritis, multiple sclerosis and myocardial infarction. 
Nature Genetics. 2005;37(5):486-494. DOI: 10.1038/ng1544
[90] Martinez A, et al. Role of the MHC2TA gene in autoimmune diseases. Annals of the 
Rheumatic Diseases. 2007;66(3):325-329. DOI: 10.1136/ard.2006.059428
Physiology and Pathology of Autoinflammation: NOD-like Receptors in Autoinflammation and...
http://dx.doi.org/10.5772/intechopen.70484
95
[91] Bronson PG, et al. The rs4774 CIITA missense variant is associated with risk of sys-
temic lupus erythematosus. Genes and Immunity. 2011;12(8):667-671. DOI: 10.1038/
gene.2011.36
[92] Gyllenberg A, et al. Age-dependent variation of genotypes in MHC II transactiva-
tor gene (CIITA) in controls and association to type 1 diabetes. Genes and Immunity. 
2012;13(8):632-640. DOI: 10.1038/gene.2012.44
[93] Asad S, et al. HTR1A a novel type 1 diabetes susceptibility gene on chromosome 5p13-
q13. PLoS One. 2012;7(5):e35439. DOI: 10.1371/journal.pone.0035439
[94] Hebb AL, et al. Expression of the inhibitor of apoptosis protein family in multiple scle-
rosis reveals a potential immunomodulatory role during autoimmune mediated demy-
elination. Multiple Sclerosis. 2008;14(5):577-594. DOI: 10.1177/1352458507087468
[95] West AP, Shadel GS, Ghosh S. Mitochondria in innate immune responses. Nature 
Reviews Immunology. 2011;11(6):389-402. DOI: 10.1038/nri2975
[96] Schneider M, et al. The innate immune sensor NLRC3 attenuates toll-like receptor 
signaling via modification of the signaling adaptor TRAF6 and transcription factor 
NF-kappaB. Nature Immunology. 2012;13(9):823-831. DOI: 10.1038/ni.2378
[97] Shao WH, et al. Prion-like aggregation of mitochondrial antiviral signaling protein 
in lupus patients is associated with increased levels of type I interferon. Arthritis & 
Rhematology. 2016;68(11):2697-2707. DOI: 10.1002/art.39733
[98] Jin Y, et al. NALP1 in vitiligo-associated multiple autoimmune disease. New England 
Journal of Medicine. 2007;356(12):1216-1225. DOI: 10.1056/NEJMoa061592
[99] Kummer JA, et al. Inflammasome components NALP 1 and 3 show distinct but sepa-
rate expression profiles in human tissues suggesting a site-specific role in the inflamma-
tory response. Journal of Histochemistry and Cytochemistry. 2007;55(5):443-452. DOI: 
10.1369/jhc.6A7101.2006
[100] Magitta NF, et al. A coding polymorphism in NALP1 confers risk for autoimmune 
Addison's disease and type 1 diabetes. Genes and Immunity. 2009;10(2):120-124. DOI: 
10.1038/gene.2008.85
[101] Pontillo A, et al. The missense variation Q705K in CIAS1/NALP3/NLRP3 gene and 
an NLRP1 haplotype are associated with celiac disease. The American Journal of 
Gastroenterology. 2011;106(3):539-544. DOI: 10.1038/ajg.2010.474
[102] Alkhateeb A, Jarun Y, Tashtoush R. Polymorphisms in NLRP1 gene and suscep-
tibility to autoimmune thyroid disease. Autoimmunity. 2013;46(3):215-221. DOI: 
10.3109/08916934.2013.768617
[103] Sui J, et al. NLRP1 gene polymorphism influences gene transcription and is a risk factor 
for rheumatoid arthritis in han chinese. Arthritis and Rheumatism. 2012;64(3):647-654. 
DOI: 10.1002/art.33370
Physiology and Pathology of Immunology96
[104] Pontillo A, et al. Two SNPs in NLRP3 gene are involved in the predisposition to 
type-1 diabetes and celiac disease in a pediatric population from northeast Brazil. 
Autoimmunity. 2010;43(8):583-589. DOI: 10.3109/08916930903540432
[105] Carlstrom M, et al. Genetic support for the role of the NLRP3 inflammasome in psoriasis 
susceptibility. Experimental Dermatology. 2012;21(12):932-937. DOI:10.1111/exd.12049
[106] Cummings JR, et al. The genetics of NOD-like receptors in Crohn's disease. Tissue 
Antigens. 2010;76(1):48-56. DOI: 10.1111/j.1399-0039.2010.01470.x
Physiology and Pathology of Autoinflammation: NOD-like Receptors in Autoinflammation and...
http://dx.doi.org/10.5772/intechopen.70484
97

